dl-Norleucine (2-aminohexanoic acid, C 6 H 13 NO 2 ) forms a double-layer structure in all known phases (, , ). The crystal structure of the -phase was redetermined at 173 K. Diffraction patterns of the -and -phases frequently show diffuse streaks parallel to c*, which indicates a stacking disorder of the layers. A symmetry analysis was carried out to derive possible stacking sequences. Lattice-energy minimizations by force fields and by dispersioncorrected density functional theory (DFT-D) were performed on a set of ordered model structures with Z = 4, 8 and 16 with different stacking sequences. The calculated energies depend not only on the arrangement of neighbouring double layers, but also of next-neighbouring double layers. Stacking probabilities were calculated from the DFT-D energies. According to the calculated stacking probabilities large models containing 100 double layers were constructed. Their simulated diffraction patterns show sharp reflections for h + k = 2n and diffuse streaks parallel to c* through all reflections with h + k = 2n + 1. Experimental single-crystal X-ray diffraction revealed that at 173 K norleucine exists in the -phase with stacking disorder. After reheating to room temperature, the investigated crystal showed a diffraction pattern with strong diffuse scattering parallel to c* through all reflections with h + k = 2n + 1, which is in good agreement with the simulated disordered structure.
Introduction
dl-Norleucine [2-aminohexanoic acid, C 6 H 13 NO 2 , Fig. 1(a) ] is an amino acid but not one of the 20 standard amino acids found in natural proteins. Norleucine is of special interest due to its structural and steric similarities to the natural amino acid methionine (Fig. 1b) . For example, one can replace methionine by norleucine in proteins in order to investigate the role of methionine on the protein structure and function (Cirino et al., 2003) .
dl-Norleucine crystallizes in three different phases , and (Mathieson, 1953; Mnyukh et al., 1975; Dalhus & Gö rbitz, 1996) . With increasing temperature, the compound undergoes temperature-dependent reversible phase transitions Ð Ð . The transition Ð occurs between about 120 K and 373 K with a large hysteresis. The transition is kinetically hindered and the crystal size and quality influence the speed of the phase transition . In contrast, the polymorphic transition between the -and the -phases, which occurs at 390-391 K, is fast and, in principle, fully reversible without hysteresis (Anwar et al., 2007; Coles et al., 2009; Smets et al., 2015) . However, some single crystals got highly damaged after the transition from the -to the -phase upon cooling . Norleucine is often used as a test system to investigate such phase transitions and thermal behaviour (Tuble et al., 2004; Anwar et al., 2007; Coles et al., 2009; Zahn & Anwar, 2013; .
The first investigation of the crystal structure of dlnorleucine (-phase) was published by Mathieson (1953) . The crystals exhibited the space group P2 1 /a and cell parameters of a = 9.84, b = 4.74, c = 16.56 Å , = 104.5 at room temperature. The molecules are zwitterionic. Neighbouring molecules are connected by three N-HÁ Á ÁO hydrogen bonds between the NH 3 + and COO À groups, resulting in a double layer parallel to (001) (see Fig. 2a ). Adjacent double layers are connected only by van der Waals interactions between the aliphatic side chains. According to the classification system of Gö rbitz et al.
(2009), the hydrogen-bond network corresponds to the type ld-ld/I. This molecular arrangement is very common for racemic amino acids and is also found, for example, in dlisoleucine (Dalhus & Gö rbitz, 2000) , dl-norvaline (Gö rbitz, 2011), dl-methionine (Mathieson, 1952) and dl--amino-nbutyric acid (Ichikawa & Iitaka, 1968; Gö rbitz et al., 2012) .
For the natural amino acid dl-methionine, Mathieson (1952) found two polymorphs, and . Both polymorphs have the same hydrogen-bond pattern as dl-norleucine. Thephases of both compounds exhibit the same molecular packing, identical space groups (P2 1 /a) and similar lattice parameters. The -phase of dl-methionine consists of the same double layers as in the -form, but with a different stacking of the double layers resulting in the space group I2/a with a 0 = a, b 0 = b, c 0 = 2c. In the -phase, subsequent double layers are generated by a translation of c resulting in the stacking sequence called L-L-L-L (see Fig. 2a ). In the -phase, subsequent double layers are connected by a translation of a 0 /2 + b 0 /2 + c 0 /2 resulting in the stacking sequence L-M-L-M (see Fig. 2b ). Correspondingly Mathieson (1953) also proposed the existence of a second polymorph (-phase) for dl-norleucine, which should be isostructural to the -phase of dl-methionine and have the stacking sequence L-M-L-M, too. Mathieson did not obtain crystals of a purephase. However, he reported that some crystals of dlnorleucine showed diffuse streaks parallel to c* through the reflections with h + k = 2n + 1, pointing to a stacking disorder. Interestingly the intensity distribution in the diffuse streaks varied from crystal to crystal. Because the diffraction patterns contained superstructure reflections with c* 0 = 1 4 c*, Mathieson set up different models with c 0 = 4c and suggested the sequences L-L-M-M or L-L-L-M as predominant in the individual crystals. Although this work was carried out more than 60 years ago, a detailed investigation of the stacking disorder has not been made until today, neither experimentally (by quantitative evaluation of the diffuse scattering) nor theoretically. Harding et al. (1995) redetermined the crystal structure of the -form of dl-norleucine at 296 K. As it was usual at that time, a diffractometer with a point detector was used. However, this set-up makes it difficult to observe diffuse scattering. Correspondingly, diffuse scattering or disorder were not taken into account. The same authors also recorded synchrotron radiation Laue diffraction patterns of the -phase over a range of 298-391 K. At 298 K they observed diffuse streaks along c*, which is consistent with the observations of Mathieson (1953) . However, the Laue pattern did not show the superstructure reflections with c* 0 = 1 4 c*, which were reported by Mathieson (1953) . The diffuse streaks diminished greatly as the temperature approached 373 K leaving only the reflections of the -phase. Hence, the disorder in the -phase is reduced at higher temperatures.
The crystal structure of the -phase of dl-norleucine was determined at 120 K by Dalhus & Gö rbitz (1996) . The space group was given as C2/c, with cell parameters of a = 31.067 (5), b = 4.717 (1), c = 9.851 (2) Å , = 91.37 (2) . After transformation with a 0 = Àc, b 0 = b, c 0 = a + b the space group is I2/a and cell parameters change to a = 9.851 (2), b = 4.717 (1), c = 32.366 (5) Å , = 106.35 (2) . Lattice parameters and atomic coordinates are in good agreement with the structure of the idealized -phase suggested by Mathieson (1953) Experimental crystal structures of dl-norleucine. (a) -Norleucine with the stacking sequence L-L and (b) -norleucine with the stacking sequence L-M (this work; data measured at 173 K, major occupied atomic positions only) viewed along the b axis. The unit cells have been transformed to P2 1 /a and I2/a for a better comparison of the structures. The letters R and S denote the configuration of the asymmetric carbon atom C2. point detector and the crystal was apparently not investigated for diffuse scattering. Hence, it is not clear if the -phase is fully ordered at 120 K, or exhibits a certain degree of stacking disorder. In the case of dl-methionine the -and -phases are fully ordered.
The molecular conformation of dl-norleucine is similar in the -and -phases and corresponds to the conformation of dl-methionine in its -phase. In contrast, the conformation of dl-methionine in its -phase is different. In -methionine the side chain exhibits a gauche conformation [(C3-C4-S5-C6) = 68.9 ] (Taniguchi et al., 1980) , whereas a trans conformation ( ' 175 ) is found for -methionine, and -andnorleucine.
The crystal structure of the -phase of dl-norleucine was determined by Coles et al. (2009) . The space group and hydrogen-bond pattern are the same as for the -phase, but the molecular conformation is different. The torsion angle (N-C2-C3-C4) is 171.9 (6) in the -phase, but 56.5 (3) and 52.7 (2) in the -and -phases respectively. The crystallographic data of all three phases are compiled in Table 1 .
All phases of dl-norleucine have similar lattice parameters a and b, which reflects the similarity of the hydrogen-bond networks within the double layers parallel to (001) in the three phases. The doubling of the c axis with a body-centring of the unit cell in the -and -phases is a result of the different
The phase transformation from the -to the -phase of norleucine was investigated by Anwar et al. (2007) by means of Molecular Dynamics (MD) simulations using the Williams force field and a model containing four double layers. These MD simulations revealed that the molecules of an entire double layer shift together. However, the observed shift was (0, Anwar et al. (2007) , this process did not occur simultaneously in the whole crystal but initiates with a shift of one double layer only. In the simulation box containing four double layers, the structure
corresponds to one of the superstructures observed by Mathieson (1953) Recently, MD simulations were performed using the Amber94 force field, with a simulation box containing four double layers (van den Ende & Cuppen, 2014) . As in the simulations of Anwar et al. (2007) and Zahn & Anwar (2013) , the simulations showed a shift of an entire double layer, which changes the mutual arrangement of the moving double layer both with the right and the left neighbouring double layers. Additionally, the calculations revealed that the shift may also occur only on one interface. However, the MD simulations produced again only shifts by (0, In 2015, van den Ende et al. (2015) performed MD simulations using the Amber94 force field and nudged elastic band (NEB) calculations. In a simulation box containing four double layers using MD simulations these authors again observed a partial phase transition induced by a shift of a double layer by (0, 1 2 , 0). A full phase transition was not observed. From the NEB calculations the authors obtained the energy transition barriers of double-layer shifts, to prove which transition pathway is the most probable. In contrast to the results of the MD simulations they concluded that the most probable mechanism of the transition from the -to the -phase is first a sliding by a/2, followed by a shift of b/2. Table 1 Unit-cell volume of the structures calculated by DFT-D.
For better comparison all structures are given in the P2 1 /a and I2/a settings of the unit cell.
This work Dalhus & Gö rbitz (1996) This low. Consequently the lifetime of an A or a B layer between L and M layers should be quite short, which would explain why the A and the B layers have not been detected experimentally.
Disorder in molecular crystals is no rarity. More than 212 000 crystal structures out of the 869 000 structures in the Cambridge Structural Database (Groom et al., 2016) exhibit some type of disorder. Disorder occurs if at least two energetically similar molecular conformations or arrangements exist in the solid state. The packing energy of these different molecular conformations and arrangements can be calculated by lattice-energy minimizations. These provide information about the preferred local arrangement and distortions of the molecules raised by the position of neighbouring molecules. In most cases the disorder affects a small part of the molecule only. Different types of disorder are known, e.g. rotational disorder of side groups (e.g. alkyl chains) or orientational disorder of the entire molecule [e.g. SF 6 (Dove et al., 2002) or Si[Si(CH 3 ) 3 ] 4 (Dinnebier et al., 1999) ]. Layered structures tend to form stacking disorder. Stacking disorder is a well known phenomenon in inorganic crystals such as graphite or ZnS, but is also observed in molecular crystals. Examples include thephase of Pigment Red 170 (Teteruk et al., 2014) , tris-(bicyclo[2.1.1]hexeneno)benzene (Schmidt & Glinnemann, 2012) , form II of aspirin (Bond et al., 2007a,b; Chan et al., 2010) and eniluracil (Copley et al., 2008) . In the case of a stacking disorder, the molecular arrangement is well ordered in two dimensions, but disordered in the third dimension. The orientation of the molecules is given, but their position is disordered. In a diffraction pattern, such a stacking disorder results in diffuse streaks perpendicular to the layers.
In this work we analysed the local symmetry of the molecular layers in dl-norleucine to derive the possible stacking sequences. In order to investigate the origin of the stacking disorder, we perform lattice-energy minimizations on a variety of structural models with different stacking sequences using periodic force-field and density functional methods.
Subsequently stacking probabilities are derived using the Boltzmann formula. In order to simulate the diffuse scattering, models with large supercells are constructed, following the calculated stacking probabilities. The simulated diffraction pattern of these models should show the diffuse scattering. This approach worked very well for the -phase of Pigment Red 170 (C 26 H 22 N 4 O 4 ) (Teteruk et al., 2014) , and was also applied here. In addition, we performed single-crystal X-ray analysis on crystals of dl-norleucine at 173 and 293 K. The diffuse scattering was recorded and compared with the simulated diffraction patterns of the disordered models.
Symmetry analysis
Crystal structures with different stacking sequences of equivalent layers are called polytypes, which are a special kind of polymorph. Symmetry operations connecting the layers permit the build-up of extended ordered and disordered layer sequences.
Layer symmetry
In the crystal structures of -and -norleucine, a single layer of molecules can be described by a unit cell with basis vectors a 0 and b 0 , corresponding to the unit-cell vectors a and b of the crystal structures of -and -norleucine in the P2 1 /a and I2/a settings, respectively. The unit cell of a single layer contains two molecules. Both molecules point with their aliphatic chains to one side of the layer and with their charged groups to the other side. A single layer is thus crystallographically polar in the stacking direction.
Within the layers symmetrically equivalent molecules are related by a-glide planes perpendicular to b (see Fig. 3a ). Thus the layer-group symbol of a single layer is p1a1, which is a nonstandard setting of layer group pb11 (No. 12) (Kopský & Litvin, 2002) ; in both settings the stacking direction is c.
Double layers
Two adjacent single layers are connected by hydrogen bonds between the charged NH 3 + and COO À groups, forming head-to-head double layers along the stacking direction c. The second single layer is generated from the first single layer by inversion centres or 2 1 screw axes parallel to (010) (Fig. 3a) . The resulting double layer has layer-group symmetry p12 1 /a1, which is a non-standard setting of layer group p2 1 /b11 (No. 17). The basis vectors of the unit cell of the double layer are a 0 , b 0 and c 0 , where c 0 corresponds to the unit-cell vector c in the P2 1 /a setting of the crystal structure of -norleucine. For the origin of the unit cell we chose, according to the IUCr layergroup standard, the inversion centre in the middle of the double layer, i.e. between the charged groups of the molecules (Wilson & Hahn, 1995) .
Stacking of double layers
The double layers are stacked along c 0 . Neighbouring double layers are connected by either 2 1 screw axes parallel to [010] or by pure twofold rotation axes parallel to [010] . In both cases, the combination of the symmetry elements within the double layers and between them produces additional symmetry elements connecting the two double layers: inversion centres, n-or c-glide planes and translation [Figs. 3(b) and 3(c)]. A stacking using the 2 1 screw axis generates two double layers with the motif L-L (or M-M), whereas the application of the twofold rotation axis leads to L-M (or M-L).
The most ordered polytypes are generated by repeated application of only one type of symmetry operation. If the twofold screw axis is chosen throughout to generate the next double layers, a periodic structure with the sequence LL (= LLLL) arises, which is the -phase (Fig. 3b) . Exclusive application of the twofold rotation yields the periodic sequence LM (= LMLM), which is the -phase (Fig. 3c) . Combinations of 2 and 2 1 axes result in further periodic and non-periodic sequences including the periodic sequences LLMM and LLLM.
Layer structures with stacking disorder consisting of equivalent layers can be described with the order-disorder (OD) theory (Dornberger-Schiff & Fichtner, 1972; Dorn-berger-Schiff 1982; Fichtner, 1988; Ferraris et al., 2008) . On first glance all double layers seem to be equivalent. However, the OD theory requires the geometrical equivalence of layer pairs (here: pairs of double layers). But actually there are two different pairs of double layers: those constructed by a 2 1 screw axis and those constructed by a twofold rotation axis. Hence the layers are not geometrically equivalent. The different sequences do not belong to the same OD family. The -and -phases of norleucine are just different polytypes such as, for example, the forms I and II of aspirin (Bond et al., 2007) .
The -phase exhibits a different molecular conformation. Nevertheless, the symmetry elements within the double layers are the same as in the -and -phases, but neighbouring double layers are connected exclusively by twofold rotation axes, which results in the same molecular packing as seen in the -phase.
Sequences including layers A or B
A disordered crystal of norleucine could not only contain double layers of type L and M but, at least theoretically, also double layers which deviate from an L layer by a lateral shift of a/2 (A layer) or b/2 (B layer). Such A and B layers were observed in the MD simulations (Anwar et al., 2007; van den Ende & Cuppen, 2014; . In a stacking, an A layer is generated from a preceding L layer by a The inclusion of layers A or B leads to two most-ordered polytypes, which are generated by repeated application of only one type of symmetry operation. The sequences LA (Fig. 3d) and LB (Fig. 3e) are generated by repeated application of 2 1 screw axes and twofold rotation axes, respectively. The structure LA has space group B2 1 /e, which is a non-standard setting of P2 1 /c. The space group of LB is A2/a, which is a nonstandard setting of C2/c. Both structures have Z 0 = 1. All other structures, e.g. LAMB, have Z 0 > 1.
3. Calculational and experimental details 3.1. Model building Lattice-energy minimizations were performed on ordered model structures with large unit cells. All models were constructed based on the unit cell of the -phase. This reference cell had lattice parameters of a 0 = 9.9069, b 0 = 4.737, c 0 = 16.382 Å , = = 90 , = 104.681 with the stacking in the c direction. For the superstructures with a larger unit cell, a corresponding multiple value of c 0 was used, e.g. c 0 = 4c 0 for LLMM.
Starting from a double layer L, a subsequent double layer L is generated by a translation of c 0 , a double layer M by a 0 /2 + b 0 /2 + c 0 , a double layer A by a 0 /2 + c 0 and a double layer B by b 0 /2 + c 0 . The resulting superstructures have either monoclinic or triclinic symmetry.
All models can be set up in different ways. For example, the stacking sequence LL is symmetry equivalent to MM, AA and BB. Similarly LM is symmetry equivalent to ML, AB and BA. Correspondingly, the sequence LL, as well as the sequence LM, has a degeneracy of g = 4.
Force-field calculations
Lattice-energy minimizations with force-field methods were performed with the software package Materials Studio (Accelrys, 2008) , using the Dreiding force field (Mayo et al., 1990) . The dispersion interactions were calculated by the 6-exp potentials suggested by Mayo et al. (1990) . Atomic charges were obtained by the method of Gasteiger & Marsili (1980) . Long-range electrostatic interactions were calculated using Ewald summation (Ewald, 1921 ) with a precision of 4 Â 10 À5 kJ mol
À1
. The lattice-energy minimizations were performed in two steps. In the first step, all atomic positions were optimized with fixed lattice parameters. In the second step, the lattice parameters were optimized together with the atomic positions.
For the minimizations the SMART algorithm was used. The convergence criteria for energies, forces, cell stress and Cartesian displacements were 8 Â 10 À5 kJ mol À1 atom
, 4 Â 10 À3 kJ mol À1 Å À1 , 0.01 kbar and 0.00001 Å , respectively. Test calculations on the -and -phases showed that the crystal structures distorted slightly. The applied force field describes both phases of dl-norleucine in a reliable way, albeit exhibiting a shortening of 6% in the a axes for both phases. All models were calculated in the smallest unit cell. For ease of comparison and to identify possible distortions, all models were subsequently transformed to the setting of the reference unit cell.
DFT-D calculations
To obtain more accurate energies, additional lattice-energy minimizations were performed using density functional theory with dispersion correction (DFT-D). The CASTEP code (Academic release 6.1, Clark et al., 2005) was used with the Perdew-Burke-Ernzerhof (PBE) functional (Perdew et al., 1996) in combination with the semi-empirical dispersion correction by Grimme (2006) . A plane-wave basis set cut-off of 520 eV and a k-point spacing of approximately 0.04 Å
À1
were applied. The convergence criteria for energies, forces, cell stress and Cartesian displacements were 0.001 kJ mol À1 atom
, 3 kJ mol À1 Å À1 , 0.5 kbar and 0.001 Å , respectively. The DFT-D minimizations were performed using the same two steps as used in the force-field minimizations. In the first step the lattice parameters were kept fixed and in the second step the atomic coordinates and lattice parameters were minimized simultaneously. Symmetry was imposed in all DFT-D minimizations. As in the force-field calculations, the energies are given per molecule.
Crystallization
dl-Norleucine was purchased from Alfa Aesar. Single crystals were obtained as thin plates from an ethanol-water solution by slow evaporation at room temperature over several weeks (Fig. 4) . The largest observed single-crystal has a size of approximately 1.0 mm Â 0.5 mm.
3.5. Single-crystal structure determination and search for diffuse scattering A single crystal was rapidly cooled to 173 K, whereby it transformed to the -phase. Diffraction data of this crystal were collected at 173 K on a Stoe-IPDS II diffractometer equipped with a GENIX micro-focus source and mirror optics. For reconstruction of the reciprocal space the X-Area software package (Stoe & Cie, 2001 ) was used. Subsequently, the crystal was reheated to room temperature and investigated on a Bruker SMART three-circle diffractometer with an Incoatec IS copper micro-focus source, mirror optics and an APEX2 CCD detector. The data collection, cell-refinement and data reduction were performed with the APEX3 software (Bruker, 2012) .
The structure of the -phase at 173 K was solved by direct methods using the program SHELXS (Sheldrick, 2008) and refined against F 2 with full-matrix least-squares techniques using the program SHELXL (Sheldrick, 2015) . The site occupation factor of the major occupied position refined to 0.950 (4). The minor occupied atoms were refined isotropically. H atoms bonded to C were refined using a riding model. H atoms bonded to N were refined isotropically. For the minor occupied position, H atoms could not be included (not even as riding), because several atoms had nonpositive definite displacement parameters, when these H atoms were added.
Results
4.1. Lattice-energies of different structural models 4.1.1. Lattice-energy minimizations using force fields. The results of the lattice-energy minimizations with models containing two double layers (c 0 = 2c 0 ) are shown in Table 2 . Within the force-field approach the model LL, which corresponds to the -phase, has nearly the same energy as the model LM, which corresponds to the -phase. Experimentally the -phase is the energetically preferred one at low Single-crystals of dl-norleucine obtained from an ethanol-water solution by slow evaporation at room temperature.
temperature, whereas the -phase is the more stable one at higher temperatures.
Stacking sequences containing a mixture of L layers with A or B layers are energetically less favourable by about 2 kJ mol À1 . Hence a mixture of L (or M) with A or B double layers should be rare. The same tendency can be seen in forcefield calculations containing models with four double layers (c 0 = 4c 0 ), which are included in Table 2 . Within the models containing four double layers, all sequences built from only L and M double layers are preferred and have nearly the same energy. Every transition from L or M to A or B increases the energy by about 2 kJ mol ). This indicates that the energy of a double layer depends almost exclusively on the arrangement of the neighbouring layers only, whereas interactions with more distant layers do not play a major role.
4.1.2. Lattice-energy minimizations using DFT-D. Selected models with two or four double layers were optimized using DFT-D. Within the models containing two double layers, the energy of the stacking sequence LM (which corresponds to the -phase) is lower, by 1.03 kJ mol
À1
, than that of the sequence LL (-phase), which is in agreement with the experimentally observed stability order at low temperature. (The DFT-D calculations do not include any entropic contribution, whereas the force field has been parameterized using room-temperature structures.)
The energy difference from the DFT-D calculations corresponds well with the value of 1.2 kJ mol À1 calculated by van den Ende et al. (2015) using the Amber force field with AM1-BCC charges. The stacking sequences LA and LB are significantly less favourable, with an energy increase of 4.19 kJ mol
. For the models containing four double layers (c 0 = 4c 0 , Z = 16) with 352 atoms per unit cell the DFT-D calculations are quite time consuming at present. Therefore, only selected models were calculated. The results are included in Table 2 . The stacking sequence LMLM, which corresponds to the -phase, is the energetically preferred one. The subsequent energy rankings are found for LLMM (ÁE = 0.46 kJ mol À1 ) and LLLM (ÁE = 0.46 kJ mol
). Both structures have been proposed as models for the disordered structure of the -phase by Mathieson (1953) . The energy of the -phase is even higher (ÁE = 1.03 kJ mol À1 ), which confirms that the formation of the -phase is only driven by entropy. However, the energy differences between all structures built from L and M layers are relatively low, which causes the stacking disorder experimentally observed as diffuse streaks.
All models containing A or B layers are considerably higher in energy. Stacking a double layer A or B onto L or M increases the energy by at least 3.4 kJ mol
. For example, the periodic structure LMBM contains four different local stackings (LM, MB, BM and ML). LM is symmetrically equivalent to ML, MB is symmetrically equivalent to BM. The local stackings LM and ML are energetically favourable. The other two have higher energies. Assuming that the LM and ML stackings have a relative energy of 0.00 kJ mol À1 , the average energy of the model LMBM of 1.71 kJ mol À1 leads to the conclusion that the stackings MB and BM increase the energy by 3.42 kJ mol À1 each. Kinetically, MD calculations with force fields (van den Ende et al., 2015) showed that neighbouring double layers can quite easily shift against each other. Consequently mixed L/M/A/B sequences are neither thermodynamically favourable nor substantially kinetically stabilized. In a real crystal such sequences cannot be fully excluded, but their occurrence should be rare and can be considered as a lattice defect.
On the mechanism of the phase transition b ! a
For the phase transition from the -to the -phase MD calculations with force fields suggested that the phase transitions starts with a shift of a double layer along the a or b axes, e.g. from LMLM to LMAM or from LMLM to LMBM, because of low transition energy barriers and small energy differences between LMLM and LMAM or LMBM. Our calculations make no statement about the energy barriers, but the resulting structures LMAM or LMBM are energetically very unfavourable with an energy increase of at least 6-7 kJ mol Table 2 Results of the lattice-energy minimizations on selected models containing two (c 0 = 2c 0 , Z = 8) and four double layers (c 0 = 4c 0 , Z = 16).
Further models containing a mixture of L, M, A and B layers (e.g. LMAA) were minimized with force fields only (see Table S3 in supporting information). such a shift in b direction (Fig. 5, path 3 ), but DFT-D calculations suggest a diagonal shift instead (Fig. 5, path 4) . Hence, static DFT-D calculations suggest paths 1, 2 or 4, whereas MD calculations with force fields suggest path 3. In the future, this question might be solved by MD calculations with DFT-D, but this is beyond the scope of the present paper.
Stacking probabilities
The lattice energies of the various models can be used to derive the stacking probabilities (Teteruk et al., 2014) . From the DFT-D energies of the models, we calculated the probability of finding a specific layer triple, e.g. three subsequent double layers with the stacking sequence . . . MLM . . . , in a non-periodic infinite stacking sequence consisting of L and M double layers (for details see the supporting information). 
Simulation of diffuse scattering
The stacking probabilities were used to construct a large model, containing 100 double layers with the sequence LMLMMLMMMLMLMMLMLLMLMLLMLMLMMLML-MMLMLLMLMLMMLLMLMLLLLMLMLLMLMLMM-LMMLLMMLMLMLMLMLLMLMLMMLMMLMMM-MLMMML. This model contains 8800 atoms and has lattice parameters of a = 9.9069, b = 4.7370, c = 1638.2 Å , = 104.6810
. The simulated diffraction pattern of this model has reflections between a pair of Bragg reflections parallel to the c* direction, which is a good representation of the diffuse scattering. The simulated diffraction pattern shows sharp intensity maxima for reflections with h + k = 2n and pronounced diffuse streaks parallel to the c* axis, through all reflections with h + k = 2n + 1 (see Fig. 6a ).
Single-crystal X-ray analyses
The investigated single crystal, grown at room temperature, turned out to be the -phase, as revealed by single-crystal X-ray analysis. This crystal was rapidly cooled to 173 K. At 173 K, the experimental diffraction pattern (Fig. 6c) consists of sharp reflections of the -phase (with I centring), weak reflections violating the I centring at h + k = 2n + 1, l = 2n, and weak diffuse streaks parallel to the c* axis through all reflections with h + k = 2n + 1. The position and orientation of the diffuse streaks agree with our calculations for structures built by L and M layers, and with the observations of Mathieson (1953) and Harding et al. (1995) at room temperature. Apparently, the -phase at 173 K is still affected by the stacking disorder. Neglecting the diffuse streaks and the weak reflections violating the I centring, the structure of the -phase was redetermined from the data measured at 173 K. A careful analysis of the residual electron density revealed a second molecular position with an occupancy of 0.050 (4) (see Fig. 7 ). The major occupied atomic positions agree very well with the structure of the -phase determined by Harding et al. (1995 (-phase) . The occurrence of weak sharp reflections at h + k = 2n + 1, l = 2n points to the existence of a small number of at least quite well ordered domains of LLLL sequence (-phase), which are sufficiently large to cause such sharp reflections. Additionally, the diffuse scattering points to stacking faults within these domains and/or the existence of less ordered regions. After reheating the investigated crystal from 173 K to room temperature, the diffraction pattern is considerably different (Fig. 6b) . Reflections with h + k = 2n are still sharp. At the positions of the reflections with h + k = 2n + 1, there are very intense diffuse streaks parallel to the c* axis. The diffuse streaks are continuous, but show intensity maxima at l = 2n + 1 and weaker maxima at l = 2n. The picture is in qualitative agreement with the simulated diffraction pattern, calculated from the disordered structure with 100 layers of L and M. A structural model which includes also A and B layers would cause diffuse streaks parallel to c* at h + k = 2n, but the experimental pattern at room temperature did not show any trace of diffuse scattering at these positions. Hence, the experiment disproves the existence of a significant amount of A and B layers in disordered norleucine.
A second single crystal was grown under the same conditions as the first one. This crystal was rapidly cooled to 120 K. Surprisingly, no phase transition from the -to the -phase occurred and the crystal remained in the -phase. The pattern did not contain any diffuse streaks. After reheating to room temperature the -phase without diffuse streaks was still present. Apparently, the observed phases of dl-norleucine strongly depend on the 'temperature history' of the crystals.
Conclusion
In this work we investigated the origin for the stacking disorder in dl-norleucine. Therefore, lattice-energy minimizations were performed on ordered models containing two and four double layers per unit cell, respectively, using forcefield methods and dispersion-corrected density functional theory (DFT-D). Lattice energies obtained by these methods show that the structure of norleucine exhibits energetically preferred stacking sequences. The stacking sequence LMLM, which corresponds to the -phase of dl-norleucine, is the energetically preferred one. This stacking sequence is energetically more favourable by 1.03 kJ mol À1 than the stacking sequence of the -phase (LLLL), which is in good agreement with the stability order observed experimentally. Stacking sequences containing a mixture of only L and M layers, such as LLMM or LLLM suggested by Mathieson (1953) , are energetically between the -and -phases. The energy differences between all structures, built from L and M layers, are relatively low: this gives rise to the stacking disorder, which is observed experimentally as diffuse streaks.
A mixture of L and M with A and B layers is energetically less favourable: every transition from an L or an M layer to A or B increases the energy by at least 3.4 kJ mol À1 . Therefore A and B layers are very rare.
Stacking probabilities were calculated with Boltzmann statistics. Using these probabilities, a large model containing 100 double layers with a stacking sequence of L and M layers was constructed. This model was used to simulate singlecrystal diffraction patterns, which reproduce strong diffuse streaks parallel to the c* axis through all reflections with h + k = 2n + 1.
Experimental investigations on single-crystals revealed that at 173 K norleucine exists in the -phase with stacking disorder. After reheating to room temperature, we found a severely disordered structure built of L and M layers. The reflections with h + k = 2n were free of any diffuse scattering, which revealed that the crystal does not contain a detectable amount of either A or B layers. Hence, the experimental single-crystal pattern at room temperature is in good agreement with the lattice-energy minimizations using DFT-D.
Related literature Figure 7
Displacement ellipsoid plot of dl-norleucine at 173 K. Major occupied atomic positions are drawn as ellipsoids, minor occupied atomic positions as spheres. The ellipsoids are drawn at 50% probability level.
